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We have investigated the organization and function of human immunodeficiency virus type 1 (HIV-1)
preintegration complexes (PICs), the large nucleoprotein particles that carry out cDNA integration in vivo.
PICs can be isolated from HIV-1-infected cells, and such particles are capable of carrying out integration
reactions in vitro. We find that although the PICs are large, the cDNA must be condensed to fit into the
measured volume. The ends of the cDNA are probably linked by a protein bridge, since coordinated joining of
the two ends is not disrupted by cleaving the cDNA internally with a restriction enzyme. cDNA ends in PICs
were protected from digestion by added exonucleases, probably due to binding of proteins. The intervening
cDNA, in contrast, was susceptible to attack by endonucleases. Previous work has established that the
virus-encoded integrase protein is present in PICs, and we have reported recently that the host protein HMG
I(Y) is also present. Here we report that the viral matrix and reverse transcriptase (RT) proteins also
cofractionated with PICs through several steps whereas capsid and nucleocapsid proteins dissociated. These
data support a model of PIC organization in which the cDNA is condensed in a partially disassembled remnant
of the viral core, with proteins tightly associated at the apposed cDNA ends but loosely associated with the
intervening cDNA. In characterizing the structure of the cDNA ends, we found that the U5 DNA ends created
by RT were ragged, probably due to the terminal transferase activity of RT. Only molecules correctly cleaved
by integrase protein at the 3’ ends were competent to integrate, suggesting that one role for terminal cleavage

by integrase may be to create a defined end at otherwise heterogeneous cDNA termini.

Early during infection, the human immunodeficiency virus
(HIV) RNA genome is reverse transcribed to form a cDNA
copy, which is then inserted into host cell DNA (20, 43). The
substrate for HIV-1 DNA integration is a linear, mostly dou-
ble-stranded viral cDNA molecule with terminal direct repeats
and blunt ends (6, 10, 16, 21, 23). To carry out integration, the
virus-encoded integrase protein (IN) first cleaves two nucleo-
tides from each 3’ viral DNA end in a step called terminal
cleavage (6, 23, 36) and then joins the newly exposed 3’ hy-
droxyl groups to phosphodiester bonds in the target (host)
DNA (6, 23). The cDNA is inserted by coordinately joining
both viral cDNA ends to nearby phosphodiesters on opposite
strands of the target DNA. Resulting breaks in the DNA are
then repaired, probably by host DNA repair enzymes, to com-
plete the integration reaction. Because insertion of only one
viral cDNA end would generate a branched DNA structure
that would probably be eliminated by host DNA repair sys-
tems, the coupled integration of both cDNA ends is important
for the survival of the virus.

Retrovirus cDNA integration can be partially reproduced by
using purified components in vitro. Purified HIV-1 IN per-
forms end-processing and joining reactions on model DNA
substrates in vitro, but such reactions differ from authentic
integration because coordinate joining of two viral DNA ends
is inefficient (9, 10, 12, 30, 31, 40). Although higher levels of
coupled joining can be achieved with integrase extracted from
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virions (45), the efficiency is still far below that expected for
integration in vivo.

Subviral preintegration complexes (PICs) can be obtained
from cells freshly infected with HIV-1 and are competent to
integrate the endogenous cDNA into a target DNA supplied in
vitro (5, 16, 21). In marked contrast to the products of reac-
tions involving purified IN and model DNA substrates, all
detected products of PIC integration reactions have structures
indicative of coupled joining (16, 27, 34a). The basis of this
difference with reaction mixtures containing purified IN pro-
tein is unknown. Possible explanations include the presence of
unknown modifications on IN, the participation of unknown
protein or DNA components, a unique mode of IN DNA
assembly, or all of these. Here we use assays of active HIV-1
PICs to characterize the architecture and composition in de-
tail.

MATERIALS AND METHODS

Preparation of PICs and use in integration reactions. HIV-1 infection of
SupT1 cells by coculture with Molt-IIIB cells and preparation of cytoplasmic
extracts were performed as described previously (21, 33), except that cells were
permeabilized in buffer K (20 mM HEPES, 150 mM KCl, 5 mM MgCl,, 1 mM
dithiothreitol, 50 U of aprotinin per ml [pH 7.3]) containing 0.025% digitonin
instead of 0.025% Brij 96. Extracts of uninfected SupT1 cells were made in the
same way, but coculture with Molt-IIIB cells was omitted. Integration reactions
were carried out by incubating cytoplasmic extracts with $X174 RFI DNA at
37°C; the amount of extract, concentration of target DNA, form of target DNA
(linear or circular), and time of incubation are described in the figure legends.
DNAs were purified by sodium dodecyl sulfate (SDS)-proteinase K treatment,
phenol-chloroform extraction, and ethanol precipitation as described previously
(33). In some cases, DNAs were digested with restriction enzymes by standard
techniques and then repurified by digestion with RNase A, phenol-chloroform
extraction, and ethanol precipitation.

Electrophoresis and Southern blotting. Native agarose gel electrophoresis and
Southern blotting were done essentially as described previously (33). DNA sam-
ples for denaturing gel electrophoresis were prepared by resuspending RNase-
treated DNA pellets in 5 ul of Tris-EDTA (TE), adding 5 pl of 95% form-
amide-20 mM EDTA-0.05% bromophenol blue-0.05% xylene cyanol, and
boiling for 5 min. The samples were resolved by electrophoresis through 6%
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polyacrylamide-8 M urea sequencing-type gels in 1X Tris-borate-EDTA (TBE)
(Sequagel) and then electroblotted onto Duralon-UV (Stratagene) for 1 h at 200
mA in 0.2X TBE. The filters were rinsed in 10X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate), air dried, baked for 2 h at 80°C, and cross-linked
with 10° pJ of UV (Stratalinker). DNAs were detected by hybridization to
32P_labeled RNA probes (5 X 10° cpm/ml in QuickHyb [Stratagene]) for 2 h at
68°C. The filters were washed twice for 15 min in 2X SSC-0.1% SDS at room
temperature and then twice for 10 min in 0.1X SSC-0.1% SDS at 60°C, air dried,
and exposed to Kodak XAR-5 film. Sequencing reactions for markers were
carried out with the control template (M13) and primer (—40) included in the
Sequenase kit (U.S. Biochemical).

Gel filtration. Sephacryl S-1000 chromatography was carried out with a Phar-
macia XK 16/100 column attached to a fast protein liquid chromatography
apparatus. The total volume (elution volume of ATP) was 176.5 ml, and the void
volume (elution volume of 491 = 8-nm-diameter latex spheres [all latex spheres
from Polysciences]) was 67.5 ml. The elution volumes of additional standards
were 71 ml (215 = 9-nm-diameter latex spheres), 101.5 ml (107 = 13-nm-
diameter latex spheres), 120 ml (64 + 10-nm-diameter latex spheres), and 165 ml
(bovine serum albumin; Stokes radius, 4.5 nm). For chromatography of PICs, the
column was equilibrated in buffer K containing 10% dimethyl sulfoxide (DMSO)
(in the absence of DMSO, PICs were found in the excluded volume). The flow
rate was 1 ml/min. Crude cytoplasmic extract (10 ml) was loaded and run in the
same buffer at a flow rate of 1 ml/min. Fractions were collected and assayed for
viral DNA and integration activity as described above. The peak elution volume
of PICs was 132.5 ml. The chromatographic mobility of latex spheres could not
be analyzed in buffer containing 10% DMSO because the spheres dissolve in this
solvent.

Sucrose density gradient sedimentation. Gradients (12 ml) of 10 to 50%
(wt/wt) sucrose in buffer K were poured into polyallomer SW40 tubes with an
Auto Densi-flow IIT apparatus (Buchler). Cytoplasmic extracts were treated with
100 U of Sall per ml for 10 min at 37°C and then placed on ice. Aliquots were
removed for analysis, and then a 0.75-ml sample was layered on top of the
gradient and centrifuged in an SW40 rotor for 2 h at 35,000 rpm and 4°C.
Fractions (1 ml) were collected with the Auto DensiflowIII and assayed for Sall
and integration activities.

Nuclease digestion of preintegration complexes. Naked DNA from PICs was
purified as described above and resuspended in TE at 1/10 the original volume
of extract. For exonuclease digestions, naked DNA was added to a 10-fold excess
volume of uninfected cytoplasmic extracts, while for endonuclease digestions,
naked DNA was added to buffer K. In all cases, comparisons of nuclease sensi-
tivities were done with intact PICs and naked DNA prepared from the same
batch of complexes. To improve the conditions for various nucleases, cytoplasmic
extracts and DNA solutions were supplemented as follows: for exonuclease III,
Triton X-100 was added to 0.5%; for \ exonuclease, Triton X-100 was added to
0.5% and Tris-HCI (pH 9.0) was added to 100 mM; and for micrococcal nuclease,
Triton X-100 was added to 0.5% and CaCl, was added to 10 mM. PICs showed
wild-type activity in all of these buffers, typically with >50% of the viral DNA
molecules becoming integrated into target DNA. Nucleases were added to the
concentrations indicated in the figure legends, incubated at 37°C for the time
indicated in the figure legends, and stopped by SDS-proteinase K treatment as
described above.

Probes. The specific sequences used to generate RNA probes were as follows:
pMM104 (U3 region), 111-bp fragment corresponding to bp 1 to 111 of LAV;
pMM105 and 106 (U5 region), 101-bp fragment corresponding to bp 9605 to
9706; pPBW13 (internal fragment), 1,820-bp fragment corresponding to bp 2010
to 3830 of pNLA4-3. All were cloned into pBluescriptIl SK (Stratagene). Probes
to detect the plus strand were made with pMM104 and pMM105 linearized with
BamHI and Hindlll, respectively, and T7 RNA polymerase. Probes to detect the
minus strand were made with pMM104, pMM106, and pBW13 cut with EcoRV,
BstYI1, and BglIl, respectively, and T3 RNA polymerase. RNA probes were
synthesized by incubating 1 wg of linearized plasmid in 1X RNA polymerase
buffer (NEB)-0.5 mM each GTP, ATP, and CTP-5.5 U of placental RNase
inhibitor (USB) per pl-50 nCi of [a-*?P]JUTP (400 Ci/mmol; Amersham)-5 U of
T3 RNA polymerase (Stratagene) or T7 RNA polymerase (NEB) per pl in a
volume of 10 pl. After incubation at 37°C for 1 h, 10 U of RNase-free DNase I
(Pharmacia) was added and the reaction mixtures were incubated at 37°C for 10
min. Unincorporated nucleotides were removed by passing the reaction products
through a G-50 spin column.

Purification of PICs and analysis by Western blotting. PICs (2 ml of crude
extract prepared as above) were purified by low-salt precipitation as described
previously (19). PICs were purified by using gel filtration spin columns and
Microcon-100 ultrafiltration as described previously (18). Western blotting was
carried out as described previously (8, 18, 24). Antibodies against MA (a gift of
D. Trono), reverse transcriptase (RT) (Advanced Biotechnologies Inc.), and
nucleocapsid (NC) (a gift of L. Henderson, National Cancer Institute) were
rabbit polyclonal antibodies, and antibody against capsid (CA) (Advanced Bio-
technologies Inc.) was a mouse monoclonal antibody.
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FIG. 1. Biophysical characterization of HIV-1 PICs. (A) Southern blot anal-
ysis of PICs subjected to Sephacryl S-1000 chromatography. Aliquots of S-1000
fractions were incubated with 3 pg of linear $X174 RFI DNA per ml for 30 min
at 37°C, deproteinized, and analyzed by Southern blotting with an LTR probe.
(B) Calibration curve of the S-1000 column. The standards used were latex beads
(Polysciences) with a radius of 245 * 4 (void volume, not shown), 107 + 5,53 +
7, or 32 = 5 nm; bovine serum albumin (Stokes radius, 4.5 nm), and ATP (total
volume, not shown).

RESULTS

Biophysical characterization of HIV-1 preintegration com-
plexes. We used size exclusion chromatography to obtain an
estimate for the Stokes radius of HIV-1 PICs. Crude extract
containing PICs was fractionated on an S-1000 column, and the
fractions were assayed for the presence of viral cDNA and
integration activity by native agarose gel electrophoresis,
Southern blotting, and probing with labeled long terminal re-
peat (LTR) sequences (Fig. 1A). Complexes containing linear
viral cDNA eluted in a single broad, included peak. Complexes
were competent to integrate their cDNA into a target DNA in
vitro, and the peak of integration activity coincided with the
peak of viral DNA. The S-1000 column was calibrated (41)
with latex spheres of known diameter, allowing the Stokes
radius to be estimated as 28 nm (Fig. 1B). It is clear from these
measurements that the viral cDNA, with an estimated contour
length of 3.3 wm, must be compacted to fit in a structure of this
size.

Cleavage of PIC DNA by endonucleases. To begin to inves-
tigate protein-DNA interactions in HIV-1 PICs, we asked
whether the cDNA in PICs was less exposed to endonuclease
digestion than was naked cDNA. We treated intact PICs or
naked cDNA purified from PICs with various amounts of mi-
crococcal nuclease (Fig. 2A) and analyzed the reaction prod-
ucts by Southern blotting with LTR probes as described above.

Micrococcal nuclease was able to completely digest both PIC
DNA and naked DNA with roughly equal efficiency (Fig. 2A),
indicating that the bulk of the viral DNA is not packaged so
tightly that nucleases cannot attack it. Micrococcal nuclease
cleaved both PIC and naked DNAs with some specificity (0.15
and 1.5 U/ml), generating prominent fragments of 4 to 5 and
0.4 to 0.7 kb; the smaller fragments are notable because they
are roughly the size of an LTR. The activity of complexes was
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FIG. 2. DNA in PICs and naked viral cDNA are similarly susceptible to
digestion by micrococcal nuclease. (A) HIV-1 PICs are active in micrococcal
nuclease buffer. PICs in cytoplasmic extracts were supplemented with Triton
X-100 to 0.5% and with CaCl, to 10 mM and then incubated in the absence or
presence of 3 pg of linear $X174 DNA per ml for 30 min at 37°C. Reaction
products were deproteinized, resolved by electrophoresis through a 1.5% aga-
rose gel, transferred to a nylon membrane, and detected by hybridization with a
probe complementary to the viral LTR. (B) Activity of PICs in the micrococcal
nuclease digestion buffer.

unaffected by incubation in the micrococcal nuclease buffer
(Fig. 2B). Nuclease Bal 31 generated a similar cleavage pattern
(data not shown). For both micrococcal nuclease and Bal 31,
the cleavage patterns of PIC DNA and naked DNA were
essentially identical and suggest the presence of nuclease-hy-
persensitive sites near the LTRs. The 4- to 5-kb fragments
generated by partial digestion with micrococcal nuclease or Bal
31 probably resulted from cleavage of single-stranded viral
DNA present near the central polypurine tract (11, 33).
These findings parallel those of Bowerman et al. (4), who
found that micrococcal nuclease digestion of murine leukemia
virus (MLV) PICs yielded a prominent LTR-sized DNA frag-
ment. We extend these results by showing that in HIV-1, the
production of the LTR-sized fragments is associated with the
DNA itself rather than with proteins bound to the DNA, since
the LTR-sized bands are seen in digests of naked cDNA.
The two viral DNA ends are probably linked by a protein
bridge. Since the points of cDNA integration on each target
DNA strand are always separated by a defined distance, it
seems likely that the cDNA ends are held together by proteins.
To verify that the ends are paired, we asked whether two viral
c¢DNA ends could still be coordinately joined to target DNA
after being severed from one another by a restriction endonu-
clease. The experimental strategy is based on the idea that
coordinated integration of linear viral cDNA into a circular
target yields a circular product whereas coordinate integration
of two unlinked cDNA should yield a linear product (Fig. 3A).
PICs were first incubated in the presence or absence of a
circular DNA target, and then an aliquot of each reaction
mixture was cleaved with Sall, which cuts once in the HIV-1
cDNA but does not cut the target DNA. Cleaved and un-
cleaved reaction products were then analyzed by Southern
blotting as above. In the reaction mixture lacking target DNA
and Sall, only the linear viral cDNA was detected (Fig. 3B,
lane 1); addition of target resulted in the production of a
diffuse band corresponding to the circular integration product
(lane 2). The second panel shows the products of the same
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FIG. 3. The ends of the HIV-1 cDNA are held together in the PIC. (A)
Diagram of the experimental strategy. The PIC is depicted as a cylinder with the
viral DNA (thin parallel lines) wrapped around the outside; the drawing is not
meant to indicate any specific arrangement of the viral DNA. Target DNA is
shown as thick parallel lines. Unpaired bases are shown as short thin lines. The
integration reaction yields an intermediate in which the viral DNA 3’ ends are
attached to the target, the viral cDONA 5’ ends are free and contain a 2-nucleotide
overhang with respect to the 3’ ends, and the target DNA has 5 unpaired bases
flanking the integrated viral cDNA. The left side depicts the integration of
untreated viral cDNA into a circular target. The right side depicts the integration
of viral cDNA cleaved with a restriction endonuclease into a circular target. (B)
Southern blot analysis of integration reactions with untreated or Sall-treated
PICs. Lanes: 1, PICs incubated without target; 2, PICs incubated with a circular
target; 3 and 4, same reaction products as in lanes 1 and 2 but cleaved with Sall;
5 and 6, PICs treated with Sall and then fractionated over a sucrose gradient.
Sall activity was detectable in fractions 1 to 4, and viral DNA was detectable in
fractions 7 to 12 (not shown). Fraction 11 was incubated in the absence (lane 5)
or presence (lane 6) of a circular target DNA. Purified DNA reaction products
were resolved by electrophoresis through 0.75% agarose gels in 1X TAE, trans-
ferred to a nylon membrane, and detected by hybridization with a 32P-labeled
HIV-1 LTR probe.

integration reactions after cleavage with Sa/l. In the reaction
mixture lacking target DNA (lane 3), the products included the
two Sall fragments generated by cleavage of the linear cDNA,
as well as a species the size of the uncleaved linear cDNA
(presumably representing either incomplete digestion of the
linear DNA or linearization of circular forms of the cDNA).
The reaction mixture containing target DNA included these
products, as well as a sharp band of the size predicted for the
linear integration product (lane 4). These experiments dem-
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onstrate that the circular and linear integration products dia-
grammed in Fig. 3A can be distinguished by electrophoresis.

To ask whether the viral cDNA ends were held together,
intact PICs were treated with Sa/l before the integration reac-
tions were performed. To rule out the possibility that linear-
ization of the integration product occurred after the integra-
tion itself, PICs were separated from the Sall enzyme before
reaction with target. Sall-treated PICs were centrifuged
through a sucrose gradient, and aliquots of a fraction contain-
ing PICs but no detectable Sa/l (data not shown) were incu-
bated in the absence (Fig. 3B, lane 5) or presence (lane 6) of
target DNA and analyzed as above. Analysis of products of the
reaction lacking target DNA (lane 5) revealed that only a
fraction of the viral cDNA was cleaved by the restriction en-
zyme. Incubation of this material with target DNA yielded a
diffuse band corresponding to the circular integration product.
In addition, a distinct band corresponding in size to the linear
integration product was observed (lane 6). This product must
have resulted from the coupled joining of two viral cDNA ends
that remained paired despite cleavage of the intervening cDNA.

Active preintegration complexes contain processed 3’ ends.
To begin to examine protein-DNA interactions at the cDNA
ends, we first characterized the fine structure of viral cDNA
termini in active PICs. Earlier studies presented evidence of
3’-end processing in viral cDNA isolated from active Moloney
MLV (MoMLV) PICs (6, 23) or from cells infected with
MoMLV (38) or HIV-1 (36). We asked whether the viral
c¢DNA 3’ ends in our active HIV-1 PICs had been processed to
remove the expected 2 nucleotides from each 3’ end (Fig. 4).
Complexes were incubated on ice (Fig. 4B, lanes 1) or at 37°C
for 30 min in the absence (lanes 2) or presence (lanes 3) of a
target DNA. Following the reactions, viral cDNAs were depro-
teinized and then digested with the restriction endonucleases
Haelll and HindlIII, which cleave near the left and right ends,
respectively. DNA fragments were resolved by electrophoresis
through denaturing polyacrylamide gels, transferred to nylon
membranes, and detected by hybridization with **P-labeled
RNA probes specific for each strand. Figure 4A shows the
experimental strategy and the lengths of each cDNA fragment
expected to appear on the autoradiogram.

Probes for viral DNA 5’ left and right ends each detected a
single band of the predicted size (Fig. 4B, lanes 1, left top
strand and bottom right strand). Probes for viral cDNA 3’ left
and right ends each hybridized with two bands of the sizes
expected for processed and unprocessed forms (lanes 1, top
right strand and bottom left strand). Most of the viral cDNA 3’
ends in freshly isolated PICs were processed (about 70% pro-
cessed by PhosphorImager quantification [data not shown]).
Incubation of complexes at 37°C resulted in little additional
3’-end processing (compare lanes 1 and 2).

Inclusion of an integration target DNA in the reaction mix-
ture resulted in the selective depletion of the processed 3’ ends
with little change in the amount of unprocessed 3’ ends present
(Fig. 4B, top right and bottom left, compare lanes 2 and 3). In
contrast, probes for the 5'-end fragments detected similar
amounts of DNA in reactions carried out in the absence or
presence of target DNA (top left and bottom right; compare
lanes 2 and 3), indicating that, as expected, the 5" ends are not
joined to target DNA in vitro. These findings indicate that
processed cDNA ends are integrated selectively.

Time course of the generation and cleavage of the cDNA
ends in vivo. A time course of viral cDNA synthesis during
HIV-1 infection shows that apparently full-length linear cDNA
is first detectable 3 h after infection and that maximal synthesis
is apparent 4 h after infection (Fig. 5SA). Figure 5B shows an
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analysis of the fine structure of cDNA 3’ ends at various times
after infection.

Interestingly, the right (US5) 3’ end was markedly heteroge-
neous early in the time course (lanes 2 and 3), probably as a
result of the previously described terminal transferase activity
of HIV-1 RT (35, 37). The terminal transferase activity of
purified RT was also more pronounced on a U5 (right)-end
substrate than on a U3 (left)-end substrate (35), consistent
with the pattern observed here for cDNA from infected cells.
By 3 h, there was a prominent fragment of the size expected for
a full-length, unprocessed U5 3’ end and a small amount of the
processed form (lane 4). The abundance of processed U5 ends
increased after 3 h, with about 50% of the U5 ends processed
at 4 h and about 80% processed at 6 h.

A simpler pattern was seen at the left (U3) viral DNA 3’ end
(Fig. 5B). The completed left (U3) end of the minus strand first
appeared 3 h after initiation of coculture, and most of this end
was unprocessed. About 50% of the U3 ends were processed at
4 h, and additional processing was seen at 5 and 6 h. Thus,
most of the processing of the viral cDNA ends occurs between
3 and 5 h after initiation of reverse transcription, soon after
synthesis of the end is completed.

The plus-strand strong stop DNA, an intermediate in re-
verse transcription, is also recognized by the U5 plus-strand
probe (Fig. 5B). Plus-strand strong stop first appeared 1 h after
infection, and then its abundance increased and later declined.
This is as expected if the plus-strand strong stop DNA com-
pletes the econd template switch and is subsequently extended.

These data also specify the order of late steps in HIV-1
reverse transcription. This analysis demonstrated that the right
(US5) viral cDNA end is completed before the left end (1 and
3 h, respectively). This result is as expected if plus-strand
cDNA synthesis is initiated in the middle of the minus strand
at internal polypurine tracts, as predicted from earlier studies
(11, 33). Thus, the plus strand can extend to the right end
before the plus-strand strong stop transfers to the left end of
the minus strand to allow completion of the left end (see
reference 33 for diagrams and further references).

Proteins bind the HIV-1 cDNA ends in the PIC. To examine
protein binding at the HIV-1 cDNA ends, we compared the
sensitivity to exonucleases of cDNA in intact PICs and depro-
teinized cDNA. Intact PICs were tested as part of a crude
extract. To provide a similar reaction milieu in the controls,
purified cDNA was tested in a mock extract from uninfected
cells. Exonuclease III (exolII), a 3'-to-5’ exonuclease, was used
to analyze the sensitivity of viral cDNA 3’ ends, and A\ exonu-
clease (\exo), a 5'-to-3" exonuclease, was used to analyze the
sensitivity of viral cDNA 5’ ends. Nuclease reaction mixtures
were incubated for 10 min at 37°C, and then the reactions were
stopped. DNAs were purified, digested with Haelll and
HindlIll, and analyzed by electrophoresis and Southern blot-
ting as in Fig. 4.

Figure 6A shows that HIV-1 ¢cDNA was protected from
digestion by exolIl when it was part of the PIC but not when it
had been deproteinized (compare lanes 1 and 8). A control
probe hybridizing to an internal restriction fragment, in con-
trast, was not digested (bottom panel). The 3'-end probes (top
two panels) detected both processed and unprocessed forms as
described above. Interestingly, for cDNAs in PICs, the pro-
cessed and unprocessed forms differed in their nuclease sensi-
tivity. The processed ends were completely resistant to exolll,
but the unprocessed ends were digested. The selective sensi-
tivity of the unprocessed viral cDNA ends suggests that they
may be present in disrupted PICs. In naked cDNA, both forms
were digested by exolll, with nearly complete digestion at 333
U/ml. For unknown reasons, the minus strand (left-end probe)
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FIG. 4. The 3’ ends of PIC DNAs are mostly processed. (A) Diagram of the experimental strategy. The two viral cDNA ends are depicted at the top of the figure.
Terminal cleavage by IN removes 2 nucleotides (nt) from each 3’ end, leaving a 2-nucleotide 5’ overhang at each end. Haelll cleavage yields blunt DNA ends, and
HindIII cleavage yields DNA ends with 4-nucleotide 5" overhangs. The expected length (in nucleotides) of each DNA fragment is shown. The drawing is not to scale.
(B) Electrophoretic analysis of HIV-1 cDNA 3’ ends. Lanes: 1, PICs were incubated on ice; 2, PICs were incubated at 37°C in the absence of a target DNA; 3, PICs
were incubated at 37°C in the presence of a target DNA. Purified DNA reaction products were cleaved with HindIII and Haelll, repurified, and resolved on a 6%
acrylamide-8 M urea sequencing gel in 1X TBE. DNAs were electroblotted to a nylon membrane and detected by hybridization with 3?P-labeled RNA probes to detect
the top (+) or bottom (—) strand of the U3 (left end) or U5 (right end) region of the viral cDNA. In other experiments, the lengths of the detected fragments were
found to be of the expected sizes by comparison to the products of dideoxynucleotide sequencing reactions run in adjacent lanes.

was more resistant to exolIl than was the plus strand (right-
end probe). Overall, the increase in nuclease sensitivity follow-
ing protease treatment indicates that proteins in the PIC pro-
tected the processed cDNA ends.

One possible trivial explanation for the apparent protection
of the cDNA ends is that these ends are contained in aggre-
gated, nonfunctional PICs. To rule out this possibility, we
asked whether PICs would still be integration competent after
treatment with exolll. To assay integration activity, aliquots of

nuclease-treated or control PICs were incubated for an addi-
tional 30 min in the absence or presence of target DNA. The
products of integration reactions were deproteinized, resolved
by native agarose gel electrophoresis, and analyzed by South-
ern blotting (Fig. 6B). We found that exollI treatment of PICs
had no effect on the yield of integration product (Fig. 6B, right
panel). Thus, the protected ends were nevertheless functional,
supporting the view that biologically relevant protein com-
plexes were responsible for the observed protection.
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FIG. 5. Kinetics of viral cDNA synthesis and 3’-end processing. Cytoplasmic
extracts were prepared at various times after acute HIV-1 infection of SupT1
cells. cDNA was purified from the extracts and analyzed by native agarose gel
electrophoresis and denaturing gel electrophoresis. (A) Southern blot of a native
agarose gel. Viral cDNA was detected with an LTR probe. (B) Southern blot of
a denaturing gel to analyze the viral cDNA end structures. Purified cDNAs were
cleaved with Haelll and HindIII and analyzed as in Fig. 4. Extracts prepared 3 h
after infection contained detectable PIC integration activity; those prepared 4 to
6 h after infection showed abundant integration activity (data not shown). +ss,
plus-strand strong stop DNA; nt, nucleotides.

The 5’ ends of viral cDNA in PICs were also protected from
nuclease attack (Fig. 6C). When present in functional PICs,
both viral cDNA 5 ends were resistant to digestion with Aexo,
but deproteinized DNA was digested. For unknown reasons,
\exo always failed to fully digest naked viral DNA even at high
concentrations of enzyme, but there was consistently more
digestion of naked DNA than of PIC DNA (e.g., compare
lanes 1 and 7).

Protein components of PICs. The protein composition of
PICs was investigated following partial purification. PICs were
partially purified by precipitation in buffers of low ionic
strength and then subjected to gel filtration (18, 19). These
steps remove >95 and >90% of total proteins when tested
separately; when they are used in combination, the total pro-
tein concentration drops below the level detectable by the
bicinchoninic acid assay (Pierce) for bulk protein. Previous
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studies of the composition of PICs have been carried out with
much less pure PIC preparations (7, 24) or with PICs purified
in the presence of detergents which apparently removed some
associated proteins (22). For the experiment in Figure 7, gel
filtration was carried out in either 150 or 600 mM KCI. PICs
purified in 150 mM KCI retained full integration activity,
whereas PICs purified in 600 mM KCl lost activity but could be
restored to activity by addition of human HMG I(Y) protein
(reference 18 and data not shown). Partially purified PICs were
then concentrated by Microcon 100 ultrafiltration, and the
viral proteins present were analyzed by Western blotting.

Sequential probing of fractions revealed that matrix protein
(MA) and RT were present but that NC protein was absent
(Fig. 7). Small amounts of CA could be detected after pro-
longed exposure in samples gel filtered in 150 mM KCI, but CA
was absent after gel filtration in 600 mM KCI. Since PICs can
be restored to full activity after the high-salt treatment, these
data indicate that CA is dispensable for integration.

Previous studies have identified two further proteins in PICs.
Several groups have detected integrase in HIV-1 PICs (7, 18,
22, 24), and our previous work has indicated that a host factor,
HMG I(Y) protein, is also present and important for function
in vitro (18).

DISCUSSION

Here we present data on the organization and function of
PICs from HIV-1-infected cells. We find that PICs are large
but that the cDNA must nevertheless be compacted to fit into
particles of the size measured. The ends of the viral cDNA are
paired and bound by protein, but the bulk of the cDNA is
accessible to nucleases, implying that the major specific pro-
tein-DNA interactions in PICs occur at the cDNA ends. Pro-
teins cofractionating through several purification steps include
IN, MA, RT, and human HMG I(Y). NC was not detected,
and only traces of CA were detected, indicating that PICs as
isolated represent partially disassembled derivatives of the vi-
ral core.

Size of complexes. Biophysical measurements provide a ten-
tative picture of PIC size. Size exclusion chromatography
yielded an estimate for the Stokes radius of PICs of about 28
nm. Studies of the sedimentation coefficient of PICs from
various retroviruses including HIV have ranged from 160S to
640S (4, 21, 29; unpublished data). Several technical issues
could confound these measurements. Interaction of PICs with
the column matrix during gel filtration could lead to aberrantly
slow migration, leading to underestimates of the Stokes radius.
Aggregation of PICs could increase the apparent Stokes radius
and alter the apparent sedimentation coefficient. Such effects
may explain the wide range of sedimentation values. However,
these measurements yield a reasonable picture of PICs as large
particles and provide a point of departure for further refine-
ments of these values. The Stokes radius determined for PICs
is about half that measured for virions by electron microscopy
(29).

DNA packaging in the PIC. A 3.3-um-long HIV-1 cDNA
molecule must be significantly condensed to fit into a 56-nm-
diameter PIC, but little is known about the mechanism of this
condensation. By contrast with nucleic acids in viral capsids, we
find that DNA in HIV-1 PICs is vulnerable to attack by many
endonucleases, including micrococcal nuclease and Bal 31, as
well as DNase I and many restriction endonucleases (data not
shown). Similarly, DNA in MoMLV PICs can also be digested
by restriction enzymes and micrococcal nuclease (4), and it was
suggested that the viral cDNA may either be packaged inside
a permeable, capsid-like protein shell or be wrapped around
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FIG. 6. PIC proteins protect the viral cDNA from exonucleases. (A) exolIl
protection assay. Cytoplasmic extracts containing PICs or purified naked viral
cDNA were treated with exollII (threefold serial dilutions of 333 to 1.4 U/ml, or
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the outside of a protein core (4). Our data do not distinguish
between these models, but they are consistent with the idea
that the bulk of the viral DNA is loosely associated with a
protein scaffold.

Regardless of how the intervening viral cDNA is packaged,
it must form a loop because the DNA ends are held together
by a protein bridge. Our data do not demonstrate directly that
the protein bridge is bound at the ends of the cDNA. In
principle, the bridge could be between any two sites in the two
fragments generated by restriction enzyme cleavage. Neverthe-
less, the two ends must be held together in such a way that
coupled joining is preserved after the cDNA is severed, and a
close interaction of the two ends is the simplest model to
explain this finding.

IN may mediate this DNA looping, because it probably
binds near each of the DNA ends and is capable of multimer-
izing (15, 17, 28, 42). Electron microscopic studies of avian
myeloblastosis virus IN bound to DNA have identified looped
molecules (26). Other scenarios involving additional viral or
host proteins are possible, but IN-mediated looping is attrac-
tive because such an arrangement would be analogous to that
found in the well-studied phage Mu transpososome. For phage
Mu integration, the viral DNA ends are held together by a
tetramer of transposase (2, 32, 34) and the DNA cleavage and
joining reactions require contributions from transposase
monomers bound to different phage Mu DNA ends (1, 3, 39,
46). This requirement ensures that only correctly assembled
transpososomes are competent to integrate and thereby pre-
vents harmful side reactions such as single-ended integration
events. The rarity of single-ended joining by PICs indicates
that a related mechanism to control IN activity may also exist
in HIV.

Protein binding at the cDNA ends. Here we present the first
evidence that in HIV-1 PICs, a protein binds sufficiently close
to the ends of HIV-1 cDNA to protect the ends from attack by
exonucleases. Two modes of protein-DNA binding can be
imagined to explain such protection. A protein might bind
directly at or near the ends and thereby prevent exonuclease
attack by steric hindrance. Alternatively, since exollI requires
a double-stranded substrate, a protein that destabilizes the
DNA helix would also confer protection. However, the cDNA
3’ ends in the PIC are not digested by the single-strand-specific
mung bean nuclease (data not shown), and so it is probable
that steric hindrance mediates protection.

IN is a strong candidate for the protein bound at the DNA
ends. IN is present in PICs (7, 18, 22, 24), and most of the
c¢DNA ends in PICs were processed, indicating that they had
encountered IN. Previous studies have shown that after per-

no exollI), and then the DNAs were repurified, cleaved with HaelIl and HindIII,
and analyzed by Southern blotting of denaturing gels as in Fig. 4. Probes detected
the U3 minus strand, the U5 plus strand, or an internal Haelll fragment of 95
nucleotides. (B) exolll-treated PICs are competent to integrate into a target
DNA. PICs or naked cDNA were treated with exoIII (1,000 U/ml) for 10 min at
37°C or left untreated. Before the cDNA end structures were analyzed as in
panel A (left panel), aliquots of PICs were removed and incubated with or
without 3 ng of circular $X174 DNA per ml for 30 min at 37°C to allow
integration. Integration activity was assessed by digesting the reaction products
with BamHI, which cleaves the viral cDNA at two nearby sites, and analyzing the
products by Southern blotting of a native agarose gel (right panel). IP, integra-
tion product; nt, nucleotides. (C) N exonuclease protection. Cytoplasmic extracts
containing PICs or purified naked viral cDNA were supplemented with Tris-HCI
to 100 mM (pH 9.0) and with Triton X-100 to 0.5% and then digested with Aexo
(serial threefold dilutions of 830 to 10 U/ml, or no Aexo) for 10 min at 37°C. The
DNAs were analyzed as in panel A but with probes detecting the U3 plus strand
or the US minus strand. Similar amounts of DNA were loaded in all lanes (data
not shown). nt, nucleotides.
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FIG. 7. Some proteins cofractionating with PICs. PICs were partially purified
by precipitation in low-ionic-strength buffers and then passed over gel filtration
spin columns in the presence of either 150 or 600 mM KCI. Fractions were
further purified and concentrated by ultrafiltration in C100 units (Amicon), and
aliquots were analyzed by Western blotting with the indicated antibodies. Bound
antibody-protein complexes were revealed by probing with '>*I-labeled protein A
and autoradiography, except for the case of the CA antibody, which was revealed
by reaction with donkey anti-rabbit immunoglobulin conjugated to horseradish
peroxidase and by enhanced chemiluminescence (Amersham). Fifteen nano-
grams of NC was readily detectable in control lanes on the blot (data not shown).

forming the terminal cleavage reaction on model DNA sub-
strates in vitro, purified HIV-1 IN remains tightly bound to
DNA ends (14, 44). Thus, the simplest interpretation of our
data is that in functional PICs, IN binds to and processes the
newly completed viral DNA ends and then remains stably
associated until a target DNA molecule is encountered.

Composition of PICs. Several further proteins, in addition to
IN, cofractionate with PICs. Human HMG I(Y) protein is not
only present but required for function in vitro (18), represent-
ing another candidate for a DNA binding protein contributing
to protection of the ends. RT and MA also cofractionate with
PICs. Whether their apparent association contributes to ob-
structing nuclease digestion is unclear. At present, there is no
evidence that RT and MA are directly involved in integration.
Previous studies of less pure fractions have led to the proposal
that NC is present in PICs (7, 24), but we did not detect NC
after more extensive fractionation. It is unclear whether NC
cofractionated adventitiously in these earlier studies or
whether it was stripped off PICs by the methods used here. CA
is present in trace amounts in fractions gel filtered in 150 mM
KCl and absent in fractions gel filtered in 600 mM KCl, indi-
cating that it is at most loosely associated with PICs and un-
important for integration. Taken together, these data indicate
that active PICs contain a specific subset of the proteins
present in the viral core upon entry.

Role for the IN terminal cleavage reaction: removal of non-
template-encoded nucleotides added by RT. The kinetic anal-
ysis of events at the cDNA ends (Fig. 5B) allowed us to suggest
an additional purpose for the IN-catalyzed terminal cleavage
reaction. Reverse transcription yields a blunt cDNA end, but
prior to integration, 2 nucleotides are removed from each 3’
end to expose the recessed 5'-CA-3’ sequence that becomes
joined to target. Previous work has suggested that IN may bind
tightly to the resulting processed end (14), supporting the view
that forming this stable intermediate is a use of this cleavage
reaction. However, work in a related retrotransposon system
suggests that active complexes may form without this terminal
cleavage step (13).

We propose that an additional purpose of the terminal
cleavage reaction may be to form a precise end at otherwise
heterogeneous DNA termini. We found that 2 h after initiating
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infection, DNA 3’ ends 1 nucleotide longer than the expected
length are the most prominent form for the US plus strand
(Fig. 5B). Purified HIV-1 RT is known to add non-template-
encoded bases to DNA ends in vitro, probably accounting for
the added sequences, and the US end is a favored substrate
(35, 37). The terminal cleavage reaction removes such extra
bases, and the cleaved form predominates 4 to 6 h after infec-
tion. An important role of the terminal cleavage reaction may
be the removal of these non-template-encoded bases, which, if
present as extensions on the cDNA 3’ end, might block inte-
gration.
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